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1Introduction
The interest in silver nanoparticles (AgNPs) in the form of colloidal
suspensions is increasingly high, in view of their multiple
applications to sensing,[1] medicine,[2] development of smart fabrics
or paints[3] and enhanced spectroscopy.[4–6] All these applications
rely on the reactivity of their surface and its capability of interaction
with the environment. In this sense, the fabrication procedures that
are based on pulsed laser ablation in liquid (PLAL) are particularly
interesting, because they permit preparation of stable and
unprotected nanostructures even in pure solvents.[7] Therefore,
having in mind the above mentioned applications, an investigation
on the surface of PLAL-synthesized AgNPs, and on the possible
means to control its characteristics, is important in view of proper
tailoring of the colloid properties.
Indirect inspection of the surface properties of AgNPs can be
obtained by surface enhanced Raman spectroscopy (SERS).[8]
Indeed, beyond the field localization effect, because of the
plasmonic properties, the SERS activity of AgNPs in colloidal
suspensions is strongly related to the nature of their surface and
to the availability of proper adsorption sites for ligand molecules,
which control the chemical enhancement of the Raman response.
For example, in the case of Ag colloids prepared by PLAL, the
formation of positively charged clusters could be observed by
ultraviolet–visible (UV–vis) spectroscopy during the early stages of
the ablation process.[9] Subsequently, the presence of such clusters,
namely Ag2
+, Ag4
2+, Ag3
2+ or Ag3
+, which remain on the AgNPs
surface and act as adsorption sites for several molecules, was
confirmed by SERS spectroscopy.
The aim of this paper is to put in evidence how the choice of
PLAL parameters and the chemical environment influence the
properties of AgNPs, in terms of surface oxidation and SERS
response. For this purpose, we present a comparison among
batches of AgNPs obtained with the same laser wavelength but
with different pulse duration.J. Raman Spectrosc. (2015)Experimental methods
We prepared AgNPs by laser ablation of a silver target in aqueous
environment with 1064-nm wavelength and with ps and ns pulses.
In the ps case, we used a mode-locked Nd-YAG laser (EKSPLA
PL2143A: rep. rate 10Hz, pulse width 25ps). The diameter of the
laser spot on the target was fixed at 1.4mm and the energy per
pulse to 15mJ, corresponding to a fluence of 1 J/cm2. The target
was placed in a 1 cm×1cm quartz cuvette, and the volume of
the liquid was 2ml in all tests. We monitored in situ the UV–vis
absorption of the colloids with an Avantes fiber spectrophotometer
and a deuterium-tungsten lamp. The sampling beam was
perpendicular to the laser beam and crossed the quartz cuvette
1mm above the target surface. In the ns case, PLAL was performed
with the fundamental wavelength of a Q-switched Nd:YAG laser
(Quanta System G90-10: rep. rate 10Hz, pulse width 10ns). The
laser pulse energywas set at 20mJ/pulse (200mW)with a laser spot
of approximately 1-mm diameter and corresponding fluence of
2.5 J/cm2. The target plate was fixed at the bottom of a glass vessel
filled with ~ 6ml of liquid (height above the target: 2 cm).
The silver target was purchased from Aldrich (0.5-mm
thickness, 99.9% purity). 1,10-Phenanthroline (purity 99%), pyridineCopyright © 2015 John Wiley & Sons, Ltd.
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2(purity 99.9), adenine (purity 99%), LiCl (purity 99%) and NaBH4
(purity 99.99%) were purchased from Sigma-Aldrich and used as
received.
PLAL was performed in deionized water (18.2MΩ cm @ 25 °C) or
5× 104M NaBH4 aqueous solution.
Transmission electron microscopy (TEM) samples were obtained
by dropping a small amount of colloid onto carbon-coated copper
grids and letting it to evaporate. The images were recorded with a
Philips CM12, 120 kV. Particle mean diameter and dispersivity were
determined by fitting the measured statistical distributions
(obtained with more than 1000 counts) with a lognormal function.
SERS spectra were recorded using the 514.5-nm line of a
Coherent Argon ion laser (power: 50mW) and a Jobin-Yvon HG2S
monochromator equipped with a cooled RCA-C31034A
photomultiplier.
Inductively coupled plasma-atomic emission spectrometry
(ICP-AES) measurements of Ag concentration in the colloids were
performed with a Varian 720-ES instrument.Figure 1. Time evolution of the UV–vis absorption spectra of Ag colloids
obtained in pure water by PLAL (OPL= 2mm): a) ps pulses and 10mJ per
pulse; b) ns pulses and 20mJ per pulse.Results
Surface oxidation of AgNPs
In order to study the surface properties of Ag colloids obtained by
laser ablation, we examined samples obtained with ns or ps pulses
in ‘standard’ ablation conditions, namely those conditions that,
with our experimental set up, permit the best compromise
between velocity of fabrication and homogeneity and stability of
the samples.
In general, although a thorough characterization of the Ag
ablation process is beyond the scope of the present paper, we
can say that, under mild ablation conditions (namely, ps pulses,
10-Hz repetition rate and fluences on the target below 1–2 J/cm2),
the plasmon resonance is always above 400nm, no matter the
wavelength (1064nm, 532nm or 355nm), nor the energy.
Moreover, as reported by some of us in ref. 9, the first appearance
of the plasmon resonance during ps laser ablation of silver
corresponds to a peak at 400 nm or more. Then, during the laser
ablation, it does not move significantly. The plasmon position of
ps-ablated Ag colloids is neither affected by colloid ageing as
shown in Fig. 1a, which reports the spectra of a colloid immediately
after fabrication and after 2-year shelf life. Concerning NPs size, we
did not observe important changes by varying the pulse energy
between 10 and 50mJ: NPs are always very small and with an aver-
age size around 1–3nm. These data on NP size are not modified by
the ablation time, because the mild ablation regime and the poor
absorption of 1064-nm light by preformed AgNPs limit any post-
processing of the colloid and assure that particle formation is
completed in the time interval that separates two laser pulses.
Therefore, in the case of ps ablation, we chose 15mJ pulse,
1 J/cm2 fluence and 15-min ablation time for our SERS tests.
The situation with ns pulses is quite different. In this case, mild
ablation conditions cannot be adopted. Moreover, because of
longer pulse duration, heating effects on the target, on the
surrounding water and, possibly, on the preformed NPs may cause
a significant dependence of the colloid characteristics on pulse
energy and ablation time and ageing. In particular, in the case of
ns pulses, high energy per pulse and/or long ablation times cause
colloid instability and progressive changes in the visible absorption
spectrum, as evidenced by the appearance and increase of a
long-wavelength tail, which indicates the onset of aggregation pro-
cesses. For these reasons, we only considered ns ablation with lowwileyonlinelibrary.com/journal/jrs Copyright © 201energy (i.e. close to threshold) and 15-min to 20-min processing.
Differently from the ps case, the plasmon resonance of a fresh col-
loid obtained with ns pulses is below 400nm, as shown by Fig. 1b
and progressively shifts to 400nm with time.
As a whole, the UV–vis spectra of Ag colloids obtained with ps or
ns pulses give evidence of significant differences, as outlined in
Fig. 2. As a matter of fact, the Mie theory for spherical and small
AgNPs (diameter< 10nm) in pure water predicts a sharp plasmon
resonance peaked at 384 nm.[10] In contrast, the typical experimen-
tal spectrum corresponding to Ag colloids obtained in pure water
with 1064-nm ps pulses is red shifted (407 nm) andwider. A consid-
erably narrower plasmon band is obtained by ns PLAL at 1064nm.
However, also in this case, a red shift is observedwith respect to the
theoretical spectrum. Practically perfect coincidence between
experiment and theory is obtained only by PLAL in a strongly
reducing environment, as shown in Fig. 2, corresponding to a fresh
sample obtained by ps PLAL in 5×104M NaBH4 aqueous solution.
As observed by TEM inspection (Fig. 3a), the NPs obtained with
ps pulses in pure water are disaggregated and spherical. Most of
them are small (see insert of Fig. 3a), with size distribution
peaked at 1.1nm and with σ+= 0.6 nm and σ=0.4nm. In contrast
(Fig. 3b), the NPs obtained with ns pulses exhibit a more irregular
shape and are bigger, with bimodal size distribution. The statistical
distribution corresponding to small NPs is peaked at 1.4 nm with
σ+= 1.6nm and σ=0.7 nm (see insert of Fig. 3b), while the one5 John Wiley & Sons, Ltd. J. Raman Spectrosc. (2015)
Figure 2. Experimental UV–vis absorption spectra of Ag colloids obtained
by PLAL with ns pulses and pure water (peak at 395 nm), ps pulses and
pure water (peak at 407m), ps pulses and 5 × 104M NaBH4 aqueous
solution (peak at 386 nm). The theoretical spectra calculated with Mie
theory in the case of AgNPs (peak at 384 nm) or oxide-coated AgNPs
(black triangles) are also reported for comparison.
Figure 3. Typical TEM micrograph and statistical distributions of NP size
(insets) for Ag colloids of Fig. 1, obtained with PLAL: a) ps pulses and pure
water; b) ns pulses and pure water. (This figure is available in colour online
at wileyonlinelibrary.com/journal/jrs.)
Figure 4. a) Time evolution of the UV–vis spectra of a silver colloid
obtained by PLAL with ps pulses in 5 × 104M NaBH4 aqueous solution
(OPL= 2 mm). Typical TEM micrographs and corresponding statistical
distribution of NPs size of the same colloid: fresh (b), after 7 h (c) and after
24 h (d) from fabrication. Scale bar: 50 nm. (This figure is available in
colour online at wileyonlinelibrary.com/journal/jrs.)
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J. Raman Spectrosc. (2015) Copyright © 2015 John Wiley
3corresponding to big NPs is peaked at 17nm with σ+ = 7nm and
σ=5nm. Such differences in NPs size can, at least partly, explain
the difference in plasmon width with respect to the sample& Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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4obtained with ps pulses. In fact, bigger NPs are associated with
narrower plasmon resonances.[10] However, they do not explain
the red shift with respect to the theoretical plasmon position. As a
whole, the red shift and the widening of the plasmon band
observed in the case of PLAL in pure water cannot be attributed
to asphericity, size or aggregation. We attribute it to formation of
a Ag2O layer surrounding the NPs, as already suggested in ref.
[11]
To verify this hypothesis, we measured the Ag concentration in
the sample of Fig. 3a by ICP-AES, which returned a value of
38mg/l. Then, we fitted its experimental absorption spectrum
(Fig. 2) by Mie theory with a home-made computer code, by
taking into account the statistical distribution of NP size, as
observed by TEM analysis. We obtained a satisfactory fitting of
the experimental data (triangles in Fig. 2), by assuming a core–
shell structure of the NPs, where the shell is an ultrathin layer of
silver oxide. Concerning the dielectric constant of Ag2O, we have
considered a trial real and constant value of 3.75. With this value,
the required shell thickness is 0.14 nm, which corresponds to a
mono-atomic Ag layer, and the fit returns a silver concentration
of 42mg/l. The 10% difference with respect to the ICP-AES
measured value is more than satisfactory, if the above described
approximations are considered.
Analogously to the case of Fig. 3a, in the case of AgNPs obtained
by ns PLAL in pure water (Figs. 2 and 3b), a satisfactory Mie fitting
can be obtained by using a 0.1-nm-thick oxide layer. This sub-
atomic average thickness suggests that the oxidation of the fresh
ns-ablated AgNPs is not complete. In fact, as demonstrated by
Fig. 1b, the red shift of the plasmon band of such colloids
proceeds with ageing and reaches 400nm in one day.
Experimental evidence for the oxide presence on the surface of
the silver nanoparticles obtained by laser ablation can be obtained
by performing the ablation in a reducing environment and,
subsequently, by monitoring the time evolution of the plasmon
band and of the NP size and level of aggregation. For this purpose,
we performed ps ablation of Ag in a fresh 5×104Mwater solution
of NaBH4. As borohydride in water is progressively transformed into
borate, the oxygen dissolved in solution can cause the surface
oxidation of the nanoparticles. This effect is demonstrated by
Fig. 4. In particular, Fig. 4a shows the progressive shift with colloid
ageing of the plasmon band, that is at 384 nm in the fresh colloid,
moves to 400nm in the 7-h-old colloid, and up to 414nm in the
24-h-old colloid. To exclude aggregation effects, we performedFigure 5. UV–vis extinction spectra of Ag colloids obtained by ps laser ablatio
after addition of 103M LiCl (A), as (A), but after subsequent addition of 104M
journal/jrs.)
wileyonlinelibrary.com/journal/jrs Copyright © 201the TEM inspection of the fresh colloid and of the same colloid after
7 and 24h. Typical micrographs are reported in Figs. 4 b–d, with the
corresponding statistical distributions of NPs size. The fresh colloid
(Fig. 4b) consists of disaggregated spherical NPs, whose size distri-
bution is centred at 1.4 nm, with σ+= 2.3 nm and σ=0.9 nm. After
7-h ageing, no significant changes were observed in the TEM im-
ages of the colloid (Fig. 4c). The NPs were still spherical and disag-
gregated, thus proving that aggregation is not responsible for the
385-to-400-nm spectral red shift. In fact, in this case, the statistical
distribution is peaked at 1.3 nm, with σ+= 2.3 nm and σ=0.8 nm.
In contrast, some aggregation occurred after 24 h. In this case
(Fig. 4d), althoughmost NPs remained spherical and disaggregated,
several bean-like NPs were observed, and the overall statistical
distribution of size was bimodal. The characteristics of the
component corresponding to the small NPs were unchanged with
respect to the fresh colloid (centred at 1.4nm, with σ+= 2.2nm and
σ=0.9nm), while the component corresponding to big NPs,
coming from aggregation, was peaked at 5.7nm, with σ+ = 3.3 nm
and σ=2.1 nm. In summary, in the case of the fresh samples
obtained by PLAL in 5×104M NaBH4 aqueous solution no oxide
layer is required to model the experimental data. The oxide layer
builds up subsequently and causes the initial strong and fast
plasmon shift from 384 up to 400nm. Subsequently, further
evolution of the plasmon band can be, at least partially, related to
the onset of aggregation processes.SERS activity of Ag colloids obtained by picosecond laser
ablation
In a recent paper,[9] we already observed that, by using pyrazole as
test molecule, the SERS results obtained in Ag colloids prepared by
ps PLAL appeared practically identical to those obtained in
chemically reduced Ag colloids. Here, we study the SERS activity
of Ag colloids obtained by ps PLAL with different ligands, namely
1,10-phenanthroline, pyridine and adenine, in order to assess the
role of the oxide surface layer and to find evidence of a
SERS-activation because of co-adsorption of chloride anions,
analogously to what was already observed in chemically reduced
Ag colloids.[12] Although the efficiency of chloride anions for the
stability of Ag colloids obtained by PLAL was previously
evidenced,[13] here we have preferred to perform the ablation inn in pure water: (a) before (A) and after addition of 104M phen (B); (b) 12 h
phen (B). (This figure is available in colour online at wileyonlinelibrary.com/
5 John Wiley & Sons, Ltd. J. Raman Spectrosc. (2015)
Figure 6. a) SERS spectra of phen (104M) added to Ag colloids obtained
by ps laser ablation in pure water: without LiCl (A), 12 h after addition of
103M LiCl (B). b) SERS spectra of pyridine (103M) added to Ag colloid
obtained by ps laser-ablation in pure water: before (A) and 15′ after
addition of 102M LiCl (B); 30′ after addition of LiCl (C); 45′ after addition
of LiCl (D). c) SERS spectra of adenine (2.5 × 105M) added to Ag colloids
obtained by ps laser ablation in pure water: without LiCl (A); 12 h after
addition of 103M LiCl (B). (This figure is available in colour online at
wileyonlinelibrary.com/journal/jrs.)
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5pure water and to add LiCl in a second step, in order to have the
best control of the initial Ag concentration and, hence, to perform
more accurate comparisons between Ag colloids obtained by ps
PLAL in pure water before and after addition of chloride anions.
We have used LiCl because this salt showed a better performance
for promoting SERS activation in comparison with other
chlorides.[14]
We started with 1,10-phenanthroline (phen), whose SERS spectra
were previously analysed in a detailed way by adsorption on
chemically reduced Ag colloids, in both the presence and the
absence of chloride anions.[15,16] Figure 5 shows the UV–vis
absorption spectra of the ps laser-ablated Ag colloids, without LiCl
(Fig. 5a) and 12h after the addition of 103M LiCl (Fig. 5b). The
chloride-free colloid (line A) exhibits aggregation by addition of
phen (104M concentration), as shown by the shift of the plasmon
band from 407 to 412nm (line B), along with the occurrence of a
secondary plasmon band around 550nm; the spectrum of the
Ag/Cl colloid (line A) undergoes a more marked particle aggrega-
tion by addition of phen, as evidenced by the quenching of the
plasmon band at 412nm and the red shift of the secondary band
which moves up to 640nm (line B).
The corresponding SERS spectrum of 104M phen (Fig. 6a)
appears identical to that observed in chemically reduced Ag
colloids in both band positions and intensities.[15] Moreover, the
spectrum observed in the Ag/Cl colloid (line B) results about three
times stronger than that observed without chloride anions.
We have also checked the SERS efficiency of our colloids by
adsorption of pyridine (103M concentration), which adsorbs on
silver less efficiently than 1,10-phenanthroline. No SERS effect is
observed in the chloride-free colloid, because only two weak
Raman bands of pyridine in aqueous solution at 1004 and
1036 cm1 are detected (Fig. 6b, line A), assigned to ring breathing
mode and ring trigonal deformation, respectively. However, by
addition of LiCl in 102M concentration, a sizeable SERS enhance-
ment is readily observed, with the occurrence of the SERS bands
of adsorbed pyridine at 1010 and 1038 cm1 (Fig. 6b, line B). The
B–D SERS spectra of Fig. 6b have been registered at 15-min time
interval among each other. The second one (Fig. 6b, line B) results
stronger than that observed at 1010 cm1, as found in the
chemically reduced Ag colloids without chloride anions and
because of pyridine bound to Ag4
+2 clusters.[17] Then, however,
the relative intensities become reversed (Fig. 6b, spectra C and D),
as observed in ‘chemical’Ag colloids after addition of chlorides. This
effect is attributed to Ag3
+ cluster-bound pyridine, according to the
reaction Ag4
+2+Cl→Ag3
+ +AgCl ↓. In addition, a ‘spurious’ band
occurs at 1025 cm1, attributable to an unstable species, where
pyridine is bound to Ag3
+2 cluster.[18] This SERS band is not
commonly detected, apart from the case of long-time aged Ag
colloids, where silver is oxidized by oxygen dissolved in the
aqueous suspension.[19]
Finally, we have checked the SERS performance of our Ag
colloids obtained by ps pulsed laser ablation by adsorption of
another test molecule, adenine, whose SERS spectra in chemically
reduced Ag colloids as well as on nanostructured Ag plates are well
known.[20,21] Also in this case, the SERS enhancement is increased
by about three times by addition of LiCl (see Fig. 6c), resulting in
a spectral feature that is comparable with those reported in the
literature.
The silver colloids obtained by ps PLAL appear more inert to
ligand adsorption than the chemically reduced ones, as qualita-
tively denoted by the low signal-to-noise ratios of the SERS spectra,
in comparison with the spectral features obtained in chemicalJ. Raman Spectrosc. (2015) Copyright © 2015 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
Figure 8. SERS spectra of adenine (2.5 × 105M) added to Ag colloids
obtained by ns laser ablation in pure water: without LiCl (A); 12 h after
addition of 103M LiCl (B). (This figure is available in colour online at
wileyonlinelibrary.com/journal/jrs.)
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6colloids with the same probe ligands. This can be confidently
attributed to the presence of silver oxide on the surface of the
ablation-prepared Ag nanoparticles. However, an efficient SERS
activation can be obtained by adding chloride ions. Moreover, the
oxide layer, present on the surface of the AgNPs, can stabilize
unstable species, as in the case of adsorbed pyridine.
SERS activity of Ag colloids obtained by nanosecond pulsed
laser ablation
In order to test the SERS activity of the Ag colloids obtained by ns
PLAL, we have chosen one of the ligands adopted for ps-ablated
Ag nanoparticles, namely adenine, in order to have a reliable
comparison between the SERS performances of the Ag colloids
prepared with ps and ns lasers.
The UV–vis absorption spectrum of the Ag colloid ablated with
ns in pure water (Fig. 7a) shows a plasmon band with maximum
below 400nm (394nm), because of disaggregated nanoparticles
(Fig. 3b); by addition of adenine in 2.5× 105M concentration, the
plasmon band markedly decreases, and a secondary band appears
with a maximum around 490nm, along with a tail that continues
until the infrared region. This is because of the aggregation of the
Ag particles, induced by the adsorption of ligand molecules. In
the Ag/Cl colloid (Fig. 7b), 12h after addition of 103M LiCl the
maximum of the plasmon band occurs at 396 nm (line A); by
successive addition of adenine (2.5 × 105M concentration), the
plasmon band shifts to 401nm, along with the emergence of a
secondary band with maximum around 515nm (line B).
We have recorded the SERS spectra of adenine adsorbed in both
chloride-free colloid and Ag/Cl colloid, as shown in Fig. 8, by
considering the same ligand concentration and experimental
conditions adopted for the ps-ablated Ag colloid (Fig. 6c). The SERS
signal is weak in spectrum A, which corresponds to the colloid
without chloride ions; in contrast, it increases by more than three
times in spectrum B, relative to the colloid with chloride ions, show-
ing a SERS activation similar to what observed in Ag colloids ob-
tained by ps PLAL.
SERS activation because of the co-adsorption of chloride anions
on the silver surface of the colloidal NPs obtained with both ps
and ns PLAL can be further increased, by about one order of
magnitude, if one lets the action of chlorides to proceed for aFigure 7. UV–vis extinction spectra of A colloids obtained by ns laser ablation i
12 h after addition of 103M LiCl (A), as (A), but after subsequent addition
wileyonlinelibrary.com/journal/jrs.)
wileyonlinelibrary.com/journal/jrs Copyright © 201longer time before the addition of the organic ligand. For example,
Fig. 9 shows the SERS spectrum of adenine added to a ns laser-
ablated Ag colloid after 36 h from the activation with LiCl. This
spectrum closely corresponds to that obtained in chemically
reduced Ag colloids after chloride activation, regarding band
positions and relative intensities, with comparable signal-to-noise
ratios.[20] The inset of Fig. 9 shows the normal Raman spectrum of
2.5 × 103M adenine in aqueous solution related to the ring
breathing mode at 724 cm1.
We have evaluated the SERS enhancement factor EF experienced
by adenine molecules adsorbed on AgNPs pertaining to the colloid
of Fig. 9. For this purpose, we have considered the strongest SERS
band of adenine, namely that observed at 736 cm1.
In general, EF can be obtained by Raman measurements by
considering the first factor in Eqn (1), along with a correction
through a shielding coefficient Kshielding, which takes into account
the propagation of incident and scattered radiations through the
colloid (second factor in Eqn (1)):[22–24]
EF ¼ ISERS Csol
IRaman Csurf
 
 1
Kshielding λincð Þ (1)n pure water: (a) before (A) and after addition of 2.5 × 105M adenine (B); (b)
of 2.5 × 105M adenine (B). (This figure is available in colour online at
5 John Wiley & Sons, Ltd. J. Raman Spectrosc. (2015)
Figure 10. a) UV absorption spectra of 2.5 × 105M adenine, in water (A)
and in the supernatant solution obtained by ultracentrifugation of the
colloid of Fig. 9 (B), related to the adenine absorption band. b)
Experimental configuration of the Raman measurements (top view). c) Left
scale: UV–vis absorption (OPL= 2mm) of the colloid of Fig. 9; right scale:
corresponding shielding factor Kshielding. (This figure is available in colour
online at wileyonlinelibrary.com/journal/jrs.)
Figure 9. SERS spectrum of adenine (2.5 × 105M) added to ns laser-
ablated Ag colloid, 36 h after addition of 103M LiCl. The inset shows the
normal Raman spectrum of 2.5 × 103M adenine related to the ring
breathing mode. (This figure is available in colour online at
wileyonlinelibrary.com/journal/jrs.)
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7In Eqn (1), ISERS and IRaman are the intensities of the ligand band in
the SERS and in the bulk Raman spectra, respectively; Csurf is the
concentration of the adsorbedmolecules on the silver particles; Csol
is the concentration of ligand molecules in the bulk.
In our case, Csol is the concentration of adenine in the aqueous
solution (2.5× 103M), whose normal Raman spectrum in the
region of the ring breathing mode is shown by the inset of Fig. 9.
Its intensity IRaman is more than 400 times weaker than the SERS
one. Csurf can be estimated by comparing the UV absorption of
adenine in the supernatant solution after ultracentrifugation of
the Ag colloid with that of the aqueous solution with the same an-
alytical concentration of adenine in Ag hydrosol (2.5×105M). The
UV absorption spectra of these solutions in the region of the ade-
nine band (around 262nm) are reported in Fig. 10a, where spec-
trum A corresponds to the aqueous solution and spectrum B to
the supernatant solution. By comparing the corresponding
areas, we can evaluate that around 30% of adenine remains
adsorbed on the Ag nanoparticles, after particle collapse because
of ultracentrifugation.
Last, we have evaluated the shielding factor Kshielding (λinc). In our
experimental configuration (Fig. 10b), a focalized laser beam of
width w crosses a cuvette, whose thickness is h, close to its side
wall to minimize the shielding effect on the Raman scattering
radiation, and the scattered radiation is collected by a lens at 90°
with respect to the incident one. Therefore, Kshielding (λinc) can be
calculated directly from the experimental absorbance of the
colloid Abs (λinc) (shown by the black line in Fig. 10c) according
to the Eqn (2):[25]
Kshielding λincð Þ ¼ 1 e
ln 10Abs λincð Þx¼h
ln 10Abs λincð Þx¼h
(2)
The result is represented in Fig. 10c. In our experimental case,
with incident radiation at λinc=514.5 nm, Eqn (2) returns the value
of 0.4.
From these data we have estimated EF=3.5×105, which is
comparable with what is usually evaluated in SERS experiments
performed with chloride-activated Ag colloids.[26,23] Hence,
the SERS results deriving from Ag colloids obtained by laser abla-
tion in water are to be considered fully comparable to those ofJ. Raman Spectrosc. (2015) Copyright © 2015 John Wileychemically-prepared colloids, in both spectral profiles and SERS en-
hancements. However, co-adsorption of chloride ions on the colloi-
dal surface is necessary to promote an efficient SERS response,
which gets stronger when the activation time is increased.& Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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8Concluding remarks
In this paper we have verified that the Ag colloids obtained by laser
ablation result less reactive than the chemically prepared ones,
because of the presence of a surface oxide layer. The oxide layer
is also responsible for the observed red-shift of the colloids
plasmon band, with respect to the prediction of the Mie theory.
In the case of ps ablation, the formation of such oxide layer occurs
shot-by-shot, namely the oxidation process is completed by each
laser shots and does not depend on ablation time, nor on colloid
ageing. In contrast, in the case of ns ablation, surface oxidation
caused by each laser shot is not complete. Therefore, in the ns case,
the formation of the oxide layer is a cumulative effect and
continues also after the ablation so that the spectral features of
these colloids change in time.
Furthermore, although beyond the scope of this work, we can
anticipate that the different degree of oxidation observed in AgNPs
obtained by ps and ns laser ablation, in our fluence range, could be
explained by taking into account the different mechanisms of
laser–target interaction, which rule the heating of the target and
of the ablated material. In a word picture, while in the ps regime
the ablation process runs mainly because of thermal assisted
photoionization,[27] which competes with the material heating, in
the ns regime the thermal evaporation plays a major role. Because
Ag2O dissociates above 550 °K, it is then reasonable to expect a
higher content of silver oxide in ps ablated material.
The initially weak SERS response of Ag colloids prepared by laser
ablation can be easily increased by activation with chloride anions,
resulting in a strong SERS efficiency, particularly when the
interaction between chloride ions and AgNPs is left to proceed for
many hours. These data shed some light on the surface properties
of ps or ns PLAL-prepared AgNPs, which are to be taken into
account in view of the various applications, which critically depend
on the surface activity of the metal nanoparticles.
Although the presence of the oxide layer reduces the surface
reactivity of the AgNPs, it also has a positive effect as far as colloid
stability is concerned. Indeed, Ag colloids prepared by chemical
reduction methods show particle aggregation by ageing, which
can drive to collapse in few days, and often require addition of
stabilizers. In contrast, Ag colloids obtained by laser ablation in
pure water keep stable for months, as evidenced by the absence
of changes in time of the plasmon resonance band and of particle
precipitation phenomena, thanks to the ‘insulating’ action of the
Ag2O shell.
As a conclusion, the present results pave the way to an extensive
use of these colloidal suspensions as stable and efficient SERS
platforms, mainly for applications requiring a ‘clean’ colloidal
environment, without the presence of chemical reagents, by-
products and stabilizers.wileyonlinelibrary.com/journal/jrs Copyright © 201Acknowledgements
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